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ABSTRACT

In shallow lake systems, phosphorus (P) availability to cyanobacteria
populations is often controlled by the release (internal loading) or sequestration of
sediment P. This study provides novel insight into the feedbacks between the water
column and benthic P pools across multiple time scales and explain how these
dynamics influence chemical partitioning of P in lake sediment. Phosphorus
partitioning in seasonal sediment core time series collected from a shallow eutrophic
bay of Lake Champlain were quantified with SEDEX and enzyme hydrolysis selective
extraction schemes. Time series extraction data were interpreted with concurrent water
column physical and biogeochemical monitoring data to examine the relationship
between water column dynamics and P partitioning of near-surface sediments in this
intensively monitored system. Nonmetric multidimensional scaling analysis (NMDS)
indicates that both sediment and water column time series cluster seasonally, linking
water column variables such as pH, thermal stratification, and dissolved oxygen
concentrations to the behavior of sediment P pools over the course of a year. Iron (FeP), exchangeable (Ex-P), calcium carbonate bound P (Ca-P) pools, and enzyme labile P
were highly dynamic, especially in spring and summer. The SEDEX concentration data
indicated that the sediment was mainly composed of inorganic bound P (De-P), but FeP and Ex-P pools proportionally varied most between sampling dates. Remarkably,
while highly dynamic on an intra-annual timescale, the sediment ultimately returned to
similar P concentration and chemical partitioning by late fall. The hysteretic nature of
this interaction between water column dynamics and sediment P inventory/partitioning
was clearly driven by systematic seasonal changes in water column physical, chemical,
and ecological conditions governed by northern Vermont’s climate and the physical
configuration of the bay and its watershed. This study provides novel insight into the
unique challenges associated with improving water quality in lake systems impacted by
internal loading of legacy P.
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CHAPTER 1: LITERATURE REVIEW
1.1. Phosphorus: Sources and Role as a Limiting Nutrient in Freshwater Lakes
Cyanobacteria blooms and cultural eutrophication have become increasingly
widespread and persistent in recent years due to climate and land-use change, and
shallow lake systems are particularly prone to this water quality issue (Cottingham et al.,
2015; Smith et al., 1999). Cultural Eutrophication is the transition of a fresh or saltwater
ecosystem from a relatively clear, low nutrient condition to a new ecological state with
turbid water, high plant growth, frequent algal blooms, due to the human enhanced
enrichment of the macronutrients nitrogen (N) and phosphorus (P) to the water body
(Smith et al., 1999; Worsfold et al., 2016). In shallow freshwaters, enhanced P riverine
loading and subsequent build-up in sediment (legacy P) is particularly problematic
because benthic P poos can frequently become bioavailable due to transient mixing and
cyanobacteria buoyancy regulation (Cottingham et al., 2015; Giles et al., 2016).
Furthermore, ongoing climate change modulates and often enhances nutrient cycling
through impacting internal lake dynamics such as increased water temperatures, and
stratification and external forcings such as increased river flows and associated nutrient
loading. Therefore, nutrient availability and cycling in lake ecosystems is a complex
manifestation of processes and changes occurring across the lake and landscape that
operate on multiple temporal and spatial scales with many potential feedbacks. The
particular focus of this thesis research is to explore the relationship between such internal
and external lake forcings on P concentration and chemical partitioning in sediments over
time. The ultimate goal is to further refine our understanding of feedbacks between water
1

column physical, chemical and ecological dynamics and the release and sequestration of
P from sediments and impacts on P chemical partitioning.
External P loading from the surrounding watershed is deposited via rivers into
lake systems that accumulates as legacy P in lake sediments. A lake’s main source of
legacy P is it’s watershed, especially if it is predominately agriculture landcover and the
ratio of catchment area to lake surface area is high (Isles et al., 2015). Within the
watershed there are two inputs of legacy P, point and nonpoint sources. Point source
pollution is an identifiable P input such as wastewater discharge from a local
municipality. Whereas, nonpoint sources are mainly particulate P from eroded stream
banks and fertilizer runoff through the watershed and is transported via rivers to lake
systems (Levine et al. 2018). Over time, agricultural runoff, population growth and
increased industrialization have elevated P runoff inputs leading to eutrophication
(Worsfold et al. 2016). In the watersheds that feed freshwater bodies, P has many sources
of both dissolved and particulate phases that can feed cyanobacteria blooms. Dissolved P
is the aqueous fraction that can pass through a 0.2um or 0.45um filter whereas particulate
P is the fraction that is retained by these filters (Worsfold et al. 2016). Dissolved P can be
essentially instantaneously utilized by cyanobacteria and other primary producers, thus
comprises a large portion of the bioavailable P (Worsfold et al. 2016). Dissolved P can be
sequestered in sediment via both precipitation and sorption reactions forming a variety of
potential P-bearing solid phases that constitute a legacy P pool (Machesky et al. 2010).
Legacy P accumulation in sediment is particularly impacted by high flow events
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(episodic or seasonal) when riverine sediment inputs are highest (Rosenberg and Schroth,
2017).
Internal P loading, the release of legacy P into the overlying water column, often
drives eutrophication in shallow lakes (Carey and Rydin, 2011; Isles et al., 2015; Smith et
al., 2011). In shallow lake systems, legacy P release is often driven by reducing
conditions at the SWI as a product of temporary hypoxia during thermally stratified
periods with high water column stability (Isles et al. 2015, Giles et al. 2016). Typically,
when the water column is stable, thermal stratification occurs and dissolved oxygen is
consumed near the SWI promoting reducing conditions. Sustained reducing conditions
near the SWI facilitates the reductive dissolution of amorphous Fe/Mn (oxy)hydroxides,
and release of metals and associated P into the water column (Giles et al., 2016; Isles et
al., 2015; Smith et al., 2011). Wind mixing events, on the other hand, can promote release
P via sediment resuspension or accumulation of P by reoxygenating the SWI and
facilitating P reprecipitation (Giles et al. 2016). The balance over time of these transient
stratification and mixing events heavily influence shallow lake system water column P
concentrations. Furthermore, shallow systems have particularly high sediment surface to
water column area ratio, allowing interactions between bottom water and sediment to
exert a particularly strong control on water column P concentrations and bioavailability.
Iron oxyhydroxide and associated sorbed P play a vital role in internal P loading,
especially in shallow lake systems bearing mineral/Fe rich surface sediments. Under
transient or persistent anoxic/suboxic conditions at the SWI, P can then be released from
the sediment to the water column as these minerals dissolve, often becoming immediately
3

bioavailable to phytoplankton in shallow systems (Giles et al., 2016; Kraal et al., 2015a;
Kraal et al., 2015b; Kraal et al., 2012). Conversely, periods of mixing and oxygenation of
the SWI appear to enrich the sediment in labile P (Giles et al. 2016). Furthermore, it has
been suggested that a sediment Fe:P ratio above 15 is the threshold where the redox
driven cycling of Fe exerts strong control on the behavior of P in sediment-water systems
(Sondergaard et al. 2003). Much of Lake Chaplain’s surface sediments have an Fe:P
composition above this ratio, suggesting that redox driven Fe cycling is a significant
driver of P sequestration and release.
1.2. Drivers of Sedimentary P Mobility
In shallow polymictic lake systems, the mechanisms that control the
biogeochemical cycling of P in sediment fluctuate on episodic (e.g storms), daily (e.g
transient thermal stratification), and seasonal time scales (e.g. ice cover) (Lewis et al.,
2007). Therefore, a wide array of processes and drivers can impact SWI geochemistry
and P composition and behavior in these lake sediments. This is due to the SWI redox
chemistry responding to dynamic physical, chemical, and biological conditions of the
overlying water column (Isles et al., 2015; Smith et al., 2011; Søndergaard et al., 2003).
Physical drivers that influence shallow systems are wind mixing events and ice
coverage. Wind mixing in shallow systems can resuspend particulate P and can be
responsible for large variations in interannual internal P loading (Sondergaard et al.
2003). Major storm and discharge events have also been found to disrupt water column
stability and the stratification of temperature and pH, leading to a decline in P release
and cyanobacteria bloom collapse (Giles et al., 2016; Isles et al., 2015). Whereas ice
4

coverage acts as a barrier between the atmosphere/watershed and surface of the lake
limiting oxygen diffusion, water column mixing, sediment input. This in turn aids to
establish prolonged reducing conditions at the SWI and subsequent P release under
persistently cold winters and aids in Fe-P retention during mild winters (Joung et al.
2017). furthermore, SWI pH fluctuations can also influence internal loading, as iron
oxyhydroxides capacity to retain P in the sediment decreases as pH increases
(Ankomah, 1991; Rhoton and Bigham, 2009). Sediment-water interface pH can be
particularly dynamic in shallow eutrophic lake systems because they experience
photosynthetically elevated pH (e.g. <9) that can interact with sediment during mixing
and cause desorption/release of P to the water column (Sondergaard et al. 2003). In
addition to impacting both pH and DO, biological productivity can provide input of
potentially labile organic P species to sediments, that can be subsequently mobilized
via organic matter mineralization and potentially provide additional P to the water
column via this mechanism (e.g Giles et al. 2015, Parsons et al. 2017).

Indeed, this

complex suite of environmental drivers can play a crucial, albeit variable, role in
internal P loading which should vary from site to site and over the course of the year.
the response of the chemical partitioning of P across the SWI to these drivers that
operate on multiple timescales is poorly understood, but also likely critical to
understanding the nature of internal loading of P from lake sediments, and associated
bloom dynamics.
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1.3. Sequential Extraction Method Overview for P pool Characterization
It is well-established that many forms of P exist in lake sediments, which can be
partitioned based on reactivity through selective extractions schemes. These schemes are
potential useful for understanding P behavior in dynamic sediment-waters systems
because they inherently classify P into pools that should respond differently to different
environmental drivers discussed in the previous section. Indeed, this is why they have
been developed (and are useful) for both soil and sediment systems and offer promise for
our applications. Sequential extraction methods (SEDEX) have been used to chemically
identify the distribution of P fractions in freshwater and marine sediment for over 60
years (Adhikari et a l., 2015 (Machesky et al., 2010); Gu et al., 2016; Kraal et al., 2015a;
Kraal et al., 2015b; März et al., 2014; Ruttenberg, 1992). Ruttenberg et al. (2009)
SEDEX extraction method; which is revised from the classic Ruttenberg (1992)
extraction, has been widely applied in studies of marine sediments, but also to a lesser
extent to freshwater sediments (Kang et al., 2017; Parsons et al., 2017; Yang et al., 2016;
Zhou et al., 2016). This extraction method operationally defines five individual P pool,
listed in sequence of extraction stage, which are: 1) loosely sorbed (Ex-P), 2) Fe bound
(Fe-P), 3) Calcium carbonate bound (Ca-P), 4) inorganic bound (De-P) and 5) organic P
(O-P) (Figure 2).
A few noteworthy recent studies have broadened our understanding P fractions
in freshwater systems. Parsons et al. (2018) found of the dominant pool was Fe-P and
when released via reductive dissolution, only 4.5% of the P released accumulated in the
water column whereas the rest redistributed to either Ex-P or humic bound P in
6

mesocosm experiments. While Gu et al. (2016) found that sediments in Donghu Lake in
Wuhan, China were composed of mainly Fe-P followed by Ca-P then O-P, and developed
a new extraction procedure to isolate Fe (ll) – P as the overall Fe-P fraction is most
prominent. This modification was developed because Ruttenberg et al. (2009) method for
extracting Fe-P co-extracts both amorphous and partially crystalline Fe hydroxides along
with amorphous and crystalline Al hydroxides. Lastly, Wang et al. (2014) also identified
Fe-P as the dominant fraction followed by O-P then Ca-P in the sediment of Lake
Illawarra in New South Wales, Australia. Wang et al. (2014) also found that Ca-P and FeP were well negatively correlated possibly due to a competitive equilibrium between Fe
and Ca for P in this system. These three freshwater sequential extraction studies
demonstrate the variability in P pool composition over different sampling locations.
Sequential extraction results are highly dependent on individual lake systems as both
water column drivers and sediment composition influence P pool distribution making it
challenging to compare results from different study sites. These challenges are further
amplified by investigator-specific modifications to the extraction scheme (e.g. Parsons et
al. 2018, Gu et al. 2016). However, there is an opportunity to link selective extraction
data to comprehensive water quality monitoring data to improve our understanding of P
cycling and exchange between the water column and benthos, which is the overarching
goal of this thesis research.
1.4. Lake Champlain Background
Lake Champlain is located in New York and Vermont, and also shares an
international border with Quebec, Canada (Figure 1). This lake system is located at the
7

same latitude as the Great Lakes and experiences similar seasonality and climate
change impacts (Isles et al., 2017). It has thirteen embayments, four of which are
considered eutrophic with P concentrations about 24 ug/L (Carlson, 1996) while, The
other nine embayments are mesotrophic. Lake Champlain overall has a lake area to
watershed area of 1:18 (LCBP, 2018). Most of its watershed is in Vermont and is
composed of urban, forested and agriculture land cover. The breakdown of P sources
into Lake Champlain come from agriculture (38%), forest (21%), streambank erosion
(18%), urban (16%), wastewater treatment facilities (6%) and wetlands (1%) (LCBP,
2018). Vermont overall accounts for 69% of the total P load into Lake Champlain
(LCBP, 2018).
The focal study site of this research, Missisquoi Bay (MB), is the most northern
bay of Lake Champlain and is characterized as a polymictic shallow eutrophic system
(Koff, 2012). It’s P concentrations range from 6 to 111 ug/L (Giles et al., 2016). Due to
these P concentrations, MB experiences frequent cyanobacteria blooms during the
summer (Levine et al., 2012). During the winter, the bay usually freezes over from
December to March and thaws in April (Koff, 2012; Schroth et al., 2015). However, ice
coverage and it’s duration has changed drastically over time due to climate change
(Stager and Thill, 2010). This bay and its accompanying watershed are located between
Vermont and Quebec, and has three main river inputs (Rock, Missisquoi, and Pike
River). Missisquoi Bay has a lake surface area of 77.5 km2 and its watershed area of
3105 km2 with a max depth of 4m (Giles et al., 2016; Joung et al., 2017). Overall the
watershed to lake surface area ratio is 40. The watershed is comprised of forested
8

(66%) and agricultural (25%) land cover (Troy et al., 2007). It’s sediment has been
found to be composed of brown-gray slightly more coarse than clay and has an organic
content of two to three percent (Giles et al., 2016). Missisquoi Bay sediment has a total
Iron (TFe) to total P (TP) ratio of 16.9 to 29.6 that is above the TFe:TP suggesting the
Fe redox cycling plays an important role in controlling the release or sequestration of P
in these sediments over time (Søndergaard et al., 2003).
1.4.1. Summer Internal Phosphorus Loading
Much of our knowledge regarding lacustrine biogeochemical cycling of P in
northern temperate climates has been generated during summer months, as persistent
cyanobacteria blooms typically occur in eutrophic systems under warmer water
temperatures (Li et al., 2015; Petkuviene et al., 2016). Research into internal loading
and the biogeochemical processes that govern P mobility in Lake Champlain have been
focused mainly in MB. Missisquoi Bay blooms are well-documented to be primarily
driven by release of redox sensitive P from the Fe bound P sediment at the SWI, which
has been detected in previous sediment core time series analyses (Giles et al., 2016;
Isles et al., 2015; Levine et al., 2012). Organic P species have also been observed to
vary on seasonal timescales in this system, dynamics between these pools fluctuate
under different bloom stages and suboxic conditions in shallow lake systems, (Giles et
al., 2015). These observations support the need for further research linking the
evolution of different P pools when exposed to fluctuating environmental conditions at
the SWI.
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1.4.2. Winter Internal Phosphorus Loading
As our climate continues to warm due to climate change in the Anthropocene,
the frequency of ice coverage and its duration are reducing in the northern hemisphere
(Dibike et al., 2012; Weyhenmeyer et al., 2011). In recent years, the Great Lakes, and
other temperate lakes, such as Lake Champlain, have experienced decreased durations
of ice coverage, increased water temperature, along with earlier snowmelt and thaw
dates impacting nutrient cycling during the winter (Dibike et al., 2012; Pierson et al.,
2013). In response to a warming climate, Lake Champlain has experienced a dramatic
decrease in ice coverage and duration. While these changes are stark, we know very
little about how ice coverage impacts phosphorus dynamics under the ice and sediment,
and also in subsequent warmer growing seasons. Initial research characterizing the
behavior of P, Mn and Fe under the ice in MB 2014 demonstrates that hydrodynamic
conditions include strong DO stratification and a suboxic SWI develop and persist
under continuous subfreezing temperatures, producing sustained enrichment of redox
sensitive P and metals near the SWI due to internal loading (Schroth et al. 2015).
However, similar analysis of P dynamics during the next winter at the same site
indicated that more prolonged reducing conditions due to a more persistent and severe
winter promoted extensive sedimentary P release into the water column (Joung et al.
2017). Therefore, it appears that winter weather may exert a strong control on both the
concentration and chemical partitioning of P within the ecosystem due to its impact on
the duration and severity of reducing conditions near the SWI (Joung et al., 2017).
These studies utilize aqua regia digestion to quantify the TP concentration and ascorbic
10

acid digestion for redox sensitive P in lake sediment, with synchronous characterization
of water column biogeochemistry and hydrodynamics to study the drivers of winter P
dynamics in MB. In the winter of 2015, there was a gradual decrease in redox sensitive
P concentrations at the SWI compared to the steady enrichment of surface sediment in
2014 described by Schroth et al. (2015). However, TP concentrations in sediment were
similar between 2014 and 2015. The intra-annually consistent TP concentration but
significantly different redox sensitive P concentrations observed in these two years
could be inferred to suggest that winter weather may impact the speciation of P in the
sediment more than the total P concentration (Joung et al., 2017). This provides
important motivation for more a detailed examination of the chemical nature of P in
sediment and it’s responding to changing water column conditions. Continued research
on internal P loading and speciation in sediment during the winter is imperative to
understanding the impacts that Anthropocene reduction in ice cover will have on this
biogeochemical cycle, water quality and ecosystem productivity. By measuring
additional P pools through more distinct extraction schemes, additional insight into the
role of winter and ice coverage on legacy P dynamics and associated water quality and
ecosystem impacts could be attained.
1.5. Research Objectives
The core objective of this thesis is to expand our conceptual model (Figure 3) of
sediment P behavior in shallow polymictic systems to include multiple discrete pools of
sediment P (as defined by chemical extraction) that we hypothesize respond to unique
individual or combinations of internal and external environmental drivers that operate
11

across multiple timescales in these highly dynamic polymictic systems. We accomplish
this objective by linking time series of selective extraction sediment data with
concomitant water column data from Missisquoi Bay to create a novel conceptual model
of the links between seasonal environmental drivers and the chemical evolution of P
pools in Missisquoi Bay’s sediment. While this conceptual model may be unique to
Missisquoi Bay and other lake systems of similar physical, biological and chemical
configuration, our novel approach and insight around the interaction between different
operational sediment pools and water column drivers of SWI geochemistry are likely
broadly applicable.

Furthermore, this body of thesis research provides novel insight

towards understanding challenges associated with managing shallow systems
contaminated with robust pools of legacy P. Findings are also relevant to identifying
ways of mitigating this persistent water quality problem in many similar systems, as well
as understanding how these systems may respond to Anthropocene climate change.
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CHAPTER 2: MANUSRCIPT FOR TBD
2.1. Introduction:
Cultural eutrophication, the anthropogenically-driven transition of a low nutrient
clear water ecosystem to a high nutrient and turbid eutrophic state due to human-derived
enhanced inputs of nitrogen and phosphorus, is a global water quality problem (Smith et
al., 1999). Phosphorus is often the limiting or co-limiting macronutrient in freshwater
ecosystems (Lin and Guo, 2016; März et al., 2014), and its amendment to the terrestrial
environment in both point and nonpoint sources is thought to be the primary source that
drives of cultural eutrophication in many freshwater systems including Lake Champlain
(Giles et al., 2015; Levine et al., 2012). In many shallow systems, long-term enhanced
riverine P input and subsequent buildup of legacy P in lake sediments has substantially
increased the concentration of potentially labile particulate P relative to ‘background’
concentrations that supported the preceding non-eutrophic lake state (Levine et al., 2012).
Indeed, shallow lake systems are particularly sensitive to eutrophication, as these systems
aren’t permanently stratified, allowing sediment derived- P to be accessible in (via
transient mixing) or near (accessible via buoyancy regulation) the photic zone, fueling
cyanobacteria blooms (Carey and Rydin, 2011; Isles et al., 2015; Søndergaard et al.,
2003). Additionally, shallow systems are characterized by having a high sediment surface
area to water volume ratio, allowing for more legacy benthic P to be transported from the
sediment to the water column relative to a deeper lake. Thus, understanding the physical
and biogeochemical conditions that promote or suppress legacy benthic P mobility is
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essential to understanding the process of eutrophication in shallow lakes and resultant
potentially harmful cyanobacteria blooms.
Much

of

our

knowledge

regarding

lacustrine

internal

loading

and

biogeochemical cycling of P in northern temperate climates has been generated during
summer months, as cyanobacteria blooms typically occur in shallow eutrophic lakes
under warmer water temperatures and stable water conditions (Isles et al., 2015; Li et al.,
2015; Petkuviene et al., 2016). Furthermore, under prolonged stable conditions, dissolved
oxygen (DO) becomes depleted around the sediment water interface (SWI), as benthic
bacterial consumption of organic matter continues to consume oxygen (O2) without
mixing of more oxygen-rich surface waters (Giles et al. 2016). A reducing SWI leads to
the release of benthic legacy P (internal P loading) due to the reductive dissolution of
redox sensitive secondary iron (Fe) and manganese (Mn) minerals that had previously
scavenged P under more oxygenated conditions in rivers and/or when SWI was
oxygenated (Kraal et al., 2015b; Kraal et al., 2012; Smith et al., 2011).
While feedbacks between water column stratification, internal loading and
accumulation of benthic P, and cyanobacteria blooms have been somewhat established,
additional drivers of water column biogeochemistry could also impact the reactivity and
loading of benthic P. These driving mechanisms that influence the biogeochemical
cycling of P fluctuate on episodic, daily, and seasonal time scales that are difficult to
comprehensively simulate under experimental conditions (Lewis et al., 2007). This is due
to the SWI redox chemistry responding to physical (wind mixing events, ice coverage,
discharge), chemical (DO concentrations or pH), and biological (cyanobacteria
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respiration, benthic mineralization of labile carbon) conditions, all of which could
manipulate lake sediment P pools (Isles et al., 2015; Smith et al., 2011; Søndergaard et
al., 2003). Wind mixing, riverine input, and ice coverage influence DO concentrations,
redox conditions, and pH at SWI in shallow lakes (Giles et al., 2016; Joung et al., 2017;
Schroth et al., 2015). Riverine input could provide riverine sediments of unique P
composition associated with watershed soils and streambank/beds which can be
bioavailable (Rosenberg and Schroth, 2017). Furthermore, fluctuations in bottom water
pH, facilitated by mixing and/or biological production could trigger desorption of P under
oxidizing conditions depending on sorbent zero point of charge and adsorption
mechanism (Kraal et al., 2012; Smith et al., 2011; Spivakov et al., 1999). Biological
dynamics may have important unresolved feedbacks with organic P concentration and
mobility at the SWI, and the mineralization of organic pools can be mediated by
temperature and pH, can influence organic P stores (Kraal et al., 2015a; Søndergaard et
al., 2003; Zhu et al., 2013). Recent mesocosm experiments by Parsons et al. (2017)
demonstrate that mineralization of organic P pools can account for one third of the
soluble reactive phosphorus (SRP) in the water column. Given the complexities
associated with drivers SWI biogeochemical conditions and P inputs, a comprehensive
understanding of how chemical partitioning of P in sediment impacts its mobility over
time under different conditions remains elusive.
There is wide body of literature that has leveraged extraction schemes to
characterize variability in operationally defined P composition. While limitations of
selective extraction schemes (SEDEX) are well-documented, selective extractions can be
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particularly useful for describing changes in the reactivity of P in sediment and offer
potential for understanding how different components of the sediment P inventory will
respond to changing environmental conditions (Ruttenberg et al., 2009; Spivakov et al.,
1999; Worsfold et al., 2016). The SEDEX scheme developed by Ruttenberg in 2009 is a
widely applied scheme that partitions P into five pools: Exchangeable (Ex-P), Iron bound
(Fe-P), Calcium carbonate (Ca-P), detrital apatite/inorganic (De-P), and organic P (O-P)
through a sequence of successive extractants (Table 1). This scheme is potentially useful
for understanding different drivers of legacy P release and sequestration because the P
pools partitioned by this scheme likely to respond differently to various environmental
drivers as discussed in the previous paragraph. Indeed, prior research has found
substantial variability in sediment P chemical partitioning (Adhikari et al., 2015; Gao et
al., 2005; Gu et al., 2016). Furthermore, mesocosm experiments conducted by Parsons et
al. (2017) are a recent example of the utility of selective extraction schemes (in this case
SEDEX) in providing a more robust understanding of the complexity of benthic P
behavior and partitioning under dynamic SWI conditions. Their experiments suggested
that significant repartitioning of P pools in response to redox fluctuations occurs and
highlighted the mobility of Fe-P and humic-P pools under contrasting redox fluctuations.
While these mesocosm experiments are extremely useful for constraining the impact of
redox fluctuations on P partitioning and mobility in sediment, the natural system has a
diverse suite of abiotic and biotic drivers of SWI geochemistry, the feedback of which are
hard to accurately simulate in concert in the laboratory environment (e.g. diagenesis,
wind mixing, bloom activity, riverine inputs etc.). Therefore, linking field-derived time
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series of sediment core extractions with concurrent water column monitoring data that
captures variability in multiple water column drivers of SWI geochemistry offers the
opportunity to generate a more detailed conceptual understanding of how P pools behave
in response to the dynamic biogeochemical conditions that are characteristic of the SWI
in shallow, biologically productive lake systems.
Along with sequential extractions, enzyme hydrolysis has been used to target the
amount of enzyme-labile soluble organic P in the sediment that can be digested via
microbial processes and thus releasing P into the water column. Inorganic orthophosphate
is considered the most bioavailable and mobile P phase in the sediment and water
column. Sediment organic P can be transformed to bioavailable orthophoto via a series of
redox-driven solubilization and microbial mediated hydrolytic processes (Giles et al.,
2015). This conversion of soluble organic P to orthophosphate is temperature-dependent
enzyme and plant phosphatases (Giles et al., 2015). Furthermore, microbial
orthophosphate accumulation and release has been found to response to fluctuating oxic–
anoxic conditions at the SWI in lacustrine environments (Giles et al., 2015). During
mesocosm experiments bioavailable orthophosphate was rapidly mineralized during
periods of oxia (Parsons et al., 2017). Overall, orthophosphate can contribute to up to 10
percent of the total P (Giles et al., 2015). To ascertain this enzyme-labile pool, enzymes
can be added directly to sediment and other environmental matrix (Johnson and Hill,
2011; Zhu et al., 2013). The acid phosphatases added to sediment are; wheat [Triticum
aestivum L.] (GP) and potato [Solanum tuberosum L.] (PP) along with plus nuclease-P1
(NE) to determine the background organic P in sediment (Johnson and Hill, 2011). These
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findings suggest that changes in sediment organic P to orthophosphate may influence P
mobility thus playing a key role in the dynamic between biological activity and SWI
geochemistry.
Here, we link the chemical partitioning of sediment P in a seasonal time series
of lake sediment samples collected over the course of 2015 from a well-characterized
shallow eutrophic bay of Lake Champlain, Missisquoi Bay (MB), to concurrent overlying
water column physical, chemical and biological monitoring time series. Our objective
was to use these data to provide the first holistic view of how P fractions, as quantified by
the SEDEX extraction scheme coupled with enzyme hydrolysis, respond to the
previously described environmental drivers of SWI conditions across the seasons of
northern Vermont. Synthesis of these data provide novel modifications to our conceptual
model of interactions and feedbacks between benthic P pools and internal and external
drivers of water column chemistry, biology, and hydrodynamics.
2.2. Methods:
2.2.1. Site Description
Missisquoi Bay is the most northern bay of Lake Champlain (Figure 1) and is
characterized as a polymitic shallow eutrophic system (Koff, 2012). Cyanobacteria bloom
and internal P loading dynamics in MB have been intensely studied across all seasons
(Giles et al., 2016; Isles et al., 2017; Joung et al., 2017; Schroth et al., 2015; Smith et al.,
2011). Phytoplankton are thought to be primarily P –limited (water column total P
concentrations range from 14.2 to 233.9 ug L-1 and an average total P of 70.2 ug L-1
throughout the year). The severity of summer algal blooms has been linked to the extent
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and duration of internal P loading as facilitated by the occurrence and distribution of
stable and well-mixed water column conditions during summer and early fall (Giles et al.,
2016; Isles et al., 2015; Isles et al., 2017). During the winter, the bay usually freezes over
from December to March and thaws in April (Joung et al., 2017; Koff, 2012; Schroth et
al., 2015). Missisquoi Bay and its watershed are located between Vermont and Quebec,
and has three main river inputs (Rock, Missisquoi, and Pike River). Missisquoi Bay has a
lake surface area of 77.5 km2 and a watershed area of 3105 km2 with a max depth of 4m,
making hydrodynamics of the bay highly influenced by episodic wind and riverine driven
disturbance (Table 2) (Giles et al., 2016; Joung et al., 2017). Overall the watershed to
lake surface area ratio is 40 and the watershed is comprised of forested (66%) and
agricultural (25%) land cover (Troy et al., 2007). Sediment in MB is described as a
brown-gray slightly coarser than clay, with an organic content of two to three percent
(Giles et al., 2016). Sampling efforts were conducted at the same sampling location in
MB that has been monitored extensively (Giles et al., 2016; Isles et al., 2015; Joung et al.,
2017; Schroth et al., 2015; Smith et al., 2011) (Figure 1).
2.2.2. Water Column Dynamics
Manual vertical sonde casts using a YSI 6600V2 equipped with optical probes
that measure DO (mg L-1), blue-green algae (BGA) cell density through phycocyanin
fluorescence (Ratio Fluorescence Units, RFU), chlorophyll A cell density (Chl-A, mg/L)
along with temperature and pH probes were performed during each sampling event (~
every two weeks in 2015). Data were collected every 0.5m though the water column to
just above the SWI (Giles et al., 2016; Joung et al., 2017; Schroth et al., 2015). Due to
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constraints driven by variable wave dynamics over time, vertical profiles by the
permanently deployed sonde operating on a winch cease when the sensor is within 0.5
meters of the SWI.
2.2.3. Water Column Nutrients and Metals
Water samples were collected with a Masterflex peristaltic pump and acid
washed trace metal grade plastic tubing following protocols outlined in Schroth et al.
(2015) and Joung et al. (2017). Samples were taken just under the surface at 0.5 m and
until the SWI was reached. The maximum sampling depth changed due to seasonal water
level fluctuations, but sample intake locations are constantly referenced to the surface and
bottom so that they are comparable over time. Samples were collected in acid washed
polyethylene bottles and stored on ice until they could be filtered at the lab (always
within 8 hours of collection) following the protocols of Shiller (2003). Metal (Mn/Fe)
concentrations were measured by inductively-coupled-plasma-mass-spectroscopy (ICPMS) at the Woods Hole Oceanographic Institution’s Plasma Facility. Whereas, SRP was
measured within 24 hours of collection with the ascorbic acid method using a Shimadzu
1601 UV-Vis spectrophotometer (EPA, 1996; Smith et al., 2011).
2.2.4. SEDEX
Duplicate sediment cores were collected by gravity core and then sectioned in
centimeter splits. These splits were then frozen immediately until they were freeze dried,
ground and homogenized for analysis. Prior research has found that the top (0-1cm) of
sediment in MB represents the most dynamic P pool within the bay, and mass balance
calculations suggesting that this surface sediment provides water column P during
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periods dominated by internal loading (Giles et al., 2016; Schroth et al., 2015; Smith et
al., 2011). Thus, only the 0-1cm split underwent this comprehensive sequential extraction
scheme.
Phosphorus pools were operationally characterized and quantified following
Ruttenberg’s (1992) method as modified by Ruttenberg et al. (2009) (Figure 2). To
briefly summarize, the Ex-P pool was extracted with a matrix of 1M MgCl2 with another
wash of MgCl2. Citrate-dithionite bicarbonate (CDB) was used for the extraction of Fe-P
with one MgCl2 wash. Acetate buffer was used to isolate the Ca-P pool with two MgCl2
washes. The De-P pool was extracted with 1M HCl and O-P was extracted after ashing at
500°C and exposure to 1M HCl. Concentrations of each P pool were determined using
inductively-coupled-plasma-optical-emission-spectroscopy (ICP-OES) (Horiba Ultima
2C). An internal standard of homogenized MB sediment taken on 7/29/15 was run during
each extraction series to quantify consistent extraction recoveries throughout the scheme
and subsequent P concentration analysis (SI Table 1). For each extraction, 0.1g of
sediment was run in triplicate to quantify heterogeneity. These QA procedures were
developed to help capture well-documented variability associated with sequential
extractions and ensure extraction precision over many months of laboratory work and
ICP-OES runs (Acharya et al., 2016; Kraal et al., 2015a). The internal standard was
within 10% of its characterized value for all runs producing the data used in this analysis
(Acharya et al., 2016).
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2.2.5. Enzyme Hydrolysis
Wet sediments (equivalent to 3g dry weight) were extracted with a 1:15 NaOHEDTA solid-to-solution ratio. Samples were then centrifuged (3000 x g, 5 min), diluted
10-fold, then buffered to a pH of 5.0 (Johnson and Hill, 2011). Two Sigma Aldrich acid
phosphatases were used for analysis of the available monoester P;Type 1 from wheat
germ (GP, 500 U kg-1 solid) and Type IV-S from potato (PP, 4600 U kg-1 solid). A unit
(U) of enzyme activity equates to 1µmol of phosphate released per minute when the
samples were incubated based on the enzyme specific conditions. These enzyme
solutions PP (0.5 U mL-1) and PP+GP (0.5 U mL-1) were made in 15 mM sodium acetate
buffer (pH 5.0) and stored at -20°C when not used. Stored extractants (120 µL) were
thawed and incubated with 65 µL of each enzyme slurry for 2 hours at 37°C in
polystyrene 96-well plates. All samples were analyzed on an Epoch 2 multiplate
spectrophotometer (Biotek, Vermont, United States) and controls and calibration
standards were run alongside with each assay plate.
2.2.6. Statistics:
Non-metric multidimensional scaling is a robust statistical tool that allows data
from multiple dimensions to be visualized on 2-dimensional plot. This type of analysis
seeks to create a “map” of the original multivariate data structure in a reduced number of
dimensions. The resulting dimensions are used to construct a biplot with points as
samples and variables as vectors. Here, NMDS was used to examine multi-dimensional
environmental data and identify and link the dominant seasonal physical, geochemical,
and ecological characteristics of the water column to sediment P partitioning.
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When interpreting variable influence on the placement/movement of points in
NMDS space the longer a vector is the more influence it has on one of the NMDS axes.
NMDS seeks to have the overall spatial structure of samples within the reduced
dimensional space match as closely the structure of points in the full multidimensional
space. To this end, NMDS measures the distance between each point before and after
dimensionality reduction. The goodness of fit of an NMDS analysis is expressed in a
stress value which relates the difference between the observed dissimilarity matrix and
one generated after dimensionality reduction. The lower the stress value the more
accurate the resulting map. NMDS stress ranges from 0 – 1 and, with typically < 0.05
considered an excellent map, 0.05 - 0.1 good, 0.1 - 0.2 fair, 0.2 – 0.3 considered highly
questionable, and > 0.3 essentially random. For our analysis, the Bray-Curtis dissimilarity
metric was used within the NMDS. Because NMDS is sensitive to local minimums, we
used the metaMDS function within the vegan package in R to iterate the analysis 100
times, using Procrustes analysis to compare between new and current optimal solutions
(Oksanen, 2019; Team, 2013). Plots were produced in R using the ggplot2 package and
the metaMDS (Wickham, 2016).
2.3. Results:
Similar to previous studies of this system, we have leveraged existing
environmental monitoring data (Figures 3, 4, S1) to partition our presentation of results
and subsequent discussion by sampling season as justified by changes in monitored water
column characteristics that typify different seasonal regimes for this site (Giles et al.,
2016; Isles et al., 2015). Over the course of 2015, 12 time points of sediment collection
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occurred from 1/15/15 through 11/4/15 spanning a range of conditions. Our seasonal
partitioning of the time series consisted of four periods including: 1) ‘Ice Cover Period’
(1/15/15 – 3/10/15) spanning the period of time when the surface of MB was frozen with
minimal riverine input, 2). ‘Spring Runoff Period’ (4/6/15 – 6/30/15) began with the
large input of Green Mountain snowmelt that proceeded through ice out and the spring
diatom bloom; 3) the ‘Cyanobacteria Bloom Period’, which began on 7/29/15, with the
onset of cyanobacteria blooms and strong thermal/DO stratification and continued until
the cyanobacteria bloom senesced on 8/18/15 (based on phycocyanin RFU); 4) The ‘PostBloom and Fall Storm Period’ began on 9/15/15, with the bloom die off and subsequent
diatom bloom and goes through our last sampling point on 11/4/15 with minimal
phytoplankton present and a cool, well-mixed water column (Figure 3A).
2.3.1. Ice Cover Period:
Water Column Dynamics:
Under ice cover, both Chl-A and BGA fluorescence were low (Figure 3A). The
water column exhibited strong inverted thermal stratification (Figure 3B) and increasing
DO stratification and associated depletion of O2 at the SWI over time (Figure 3C).
Bottom water pH was near neutral, hovering around 6.5 for the entire season (Figure 3D).
High and increasing bottom water concentrations of dissolved Mn/Fe were also measured
over the course of the Ice Cover Period (Figure 4B). There was also consistently high
bottom water SRP concentrations relative to surface water, and relatively high compared
to the remainder of the year (Figure 4A). Based on the water column NMDS analysis, the
dominant characteristic of the water column during winter relative to the rest of the time
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series, was enrichment in bottom water Mn and depletion in bottom water DO (Figure
6A).
Sediment P Inventories:
Total Phosphorus concentrations in the sediment throughout the winter ranged
from 1.51 – 1.73 g kg-1 and decreased over the course of the season (Figure 5A). In
general, De-P was the most abundant fraction ranging from 0.42 – 0.59 g kg-1 and overall
depleted by 10% throughout the Ice Cover Period (Figure 5A, B). The concentration of
all P pools was normalized to their respective concentrations on 1/15/15 to assess which
pools are most dynamic, which is also consistent in approach with previous studies of
internal loading at this site (Giles et al. 2016). The O-P pool was the second most
abundant pool ranging from 0.40-0.45 g kg-1 and had a net depletion of 11% (Figure 5A,
B). While the F-P pool concentration ranged from 0.31-0.43 g kg-1 with a net depletion of
19% (Figure 5A, B). Furthermore, the Ca-P pool ranged from 0.18-0.23 g kg-1 and had a
net depletion of 19% as well (Figure 5A, B). As is typical for the entire time series, Ca-P
followed a similar seasonal trajectory in changing concentrations to that of Fe-P, albeit at
lower concentrations. The Ex-P pool concentration (within triplicate extraction standard
error) and net change was negligible during the Ice Cover Period. As for EH, the NE
ranged from 0.91-1.03 g kg-1 (Figure 5C). Overall, there was little concentration change
in the enzyme hydrolysis pools under Ice Cover (Figure 5C). Winter sediment overall is
primarily characterized by particularly high concentrations of Fe-P, Ca-P, and Ex-P
relative to the rest of the time series, but also relatively similar to fall sediment P
partitioning (Figure 6B).
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2.3.2. Spring Runoff Period:
Water Column Dynamics:
During the Spring Runoff Period, BGA and Chl-A fluorescence remained low
(Figure 3A). The water column mostly sustained well-mixed conditions, but there was
one period of slight thermal and DO stratification at the end of the season. Bottom water
DO was mostly oxic during the spring (Figure 3C), while bottom water pH ranged from
6.7 to 7.2 (Figure 3D). Total dissolved Mn/Fe concentrations (Figure 4B) in the water
column decreased substantially from the Ice Cover Period. The SRP concentrations in
surface water were particularly high at the onset of this period, and subsequently
decreased to more consistent low concentrations later in the spring (Figure 4A). Bottom
water SRP concentrations were lower than those of the Ice Cover Period, reaching a
minimum in the middle of this period. There was also opposite stratification of SRP
during the first half of this period relative to winter, with SRP concentrations being
higher in the surface relative to bottom (Figure 4A). In the second half of this period,
SRP vertical stratification switched and bottom water became slightly enriched in SRP
relative to surface water. Dominant characteristics of the water column based on NMDS,
in the spring are high surface SRP, seen at the beginning of the season and elevated
bottom water DO (Figure 6A).
Sediment P Inventories:
Sediment TP during Spring Runoff ranged from 1.48 to 1.83 g kg-1, its highest
concentration of the time series (Figure 5A). Along with this the De-P was at its highest
concentration at this time and ranged from 0.68-0.76 g kg-1 throughout this period with a
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net depletion of 15% (Figure 5A, B). Yet Fe-P, Ca-P and Ex-P concentrations were most
dynamic, and all three pools decreased to their lowest annual concentrations. The Fe-P
pool ranged from 0.13-0.30 g kg-1 with a net accumulation of 5% (Figure 5A. B). While,
the Ca-P concentration ranged from 0.12-0.22 g kg-1 and had a net accumulation of 6%
(Figure 5A, B). At this time the Ex-P pool concentration ranged from 0.04-0.09 g kg-1
and had a net depletion of 13% (Figure 5A, B). Lastly, the O-P pool ranged from 0.430.50 g kg-1 and had a net depletion of 10% (Figure 5A, B), The NE concentration ranged
from 1.04-1.48 g kg-1 and had a net accumulation of 28% (Figure 5C, D). In addition, GP
and PP concentrations peaked on 4/30/15 and ranged from 1.25-1.62 and 1.50-1.61 g kg-1
respectively and had net accumulations of 37% and 6% respectively (Figure 5C, D). The
sediment overall during Spring Runoff was characterized by particularly high inventories
of De-P, PP and GP relative to the rest of the year and confirmed that sediment P pools
were most variable in composition across this time period (Figure 6B).
2.3.3. Cyanobacteria Bloom Period:
Water Column Dynamics:
During the Cyanobacteria Bloom Period, Chl-A and phycocyanin signals
concurrently increased and remained high although dynamic (Figure 3A). Thermal and
DO stratification (Figures 3B, C) occurred during these bloom events followed by
periods of mixing due to summer storms that broke down stratification (Figure 3E).
Bottom water pH during the summer varied from 7.5 to 9 while surface pH increased to
over 9 during the blooms (Figure 3D). Bottom water Mn/Fe increased during these two
low bottom water DO events, but when stratification broke down, Mn/Fe concentrations
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decreased (Figure 4B). The stratification and concentration of SRP generally followed
bottom water Mn, which has been observed here in many previous studies and time series
(Figure 4A) (Giles et al., 2016; Isles et al., 2015; Smith et al., 2011). The NMDS analysis
indicated that the summer water column was characterized by particularly low bottom
water DO, surface SRP along with high BGA (phycocyanin) and surface pH (Figure 6A).
Sediment P Inventories:
Overall, sediment TP ranged from 1.32-1.54 g kg-1 during the Cyanobacteria
Bloom Period (Figure 5A), and SEDEX phase-specific concentrations were highly
dynamic during this period. The De-P was still most dominant pool with a concentration
range of 0.54-0.65 g kg-1 and accumulated by 19% over this period (Figure 5B).
Following this the O-P pool ranged from 0.47-0.50 g kg-1 and had a net accumulation of
7% (Figure 5A, B). While the Fe-P pool ranged from 0.13-0.16 g kg-1 with a net
depletion of 7% and the Ca-P concentration ranged from 0.13-0.15 g kg-1 with a net
depletion of 11% (Figure 5A, B). Throughout the Cyanobacteria Bloom Period Ex-P
ranged from 0.05-0.08 g kg-1 and had a net accumulation of 29% (Figure 5A, B). While
NE from EH increased to the peak concentration of 1.58 g kg-1 and had a net depletion of
44% (Figure 5C, D). The NMDS analysis indicates the summer sediment is characterized
most notably by relatively high fractions of NE and O-P (Figure 6B).
2.3.4. Post-Bloom and Fall Storm Period:
Water Column Dynamics:
The senescence of the cyanobacteria bloom was the event that marked the
transition to the Post-Bloom and Fall Storm Period (Fig. 3A), which was followed by a
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Chl-A bloom. Water column temperature and DO stratification went from somewhat
stratified to well-mixed with progressive cooling over the course of the fall (Fig. 3B, C,
S1). Bottom water pH ranged from 6.8 to 7.8 (Fig. 3D). Bottom water dissolved Mn/Fe
concentrations also returned to similar ranges seen in the Spring Runoff Period (Fig. 4B).
While SRP concentrations were initially quite low during the senescence of the
cyanobacteria bloom, they rose substantially for much of the fall without any vertical
stratification (Fig. 4A). The NMDS analyses suggest that the fall water column went
from being similar to Cyanobacteria Bloom conditions to similar to those of the Spring
Runoff Period, and that relatively high bottom water pH was the most defining
characteristic of the fall portion of the water column time series (Fig. 6A).
Sediment P Inventories:
The TP concentration ranged from 1.68-1.72 g kg-1 and returned to similar
concentrations to those under the Ice Cover Period (Figure 5A). This period was initially
dominated by Fe-P that ranged from 0.33-0.51 g kg-1 and had a net depletion of 47% that
mainly occurred after the cyanobacteria bloom die off (Figure 5A, B). Yet halfway
through the Post-Bloom and Fall Storm Period, the De-P was once again the dominant
pool ranging from 0.46-0.53 g kg-1 and a net accumulation of 11% (Figure 5A, B). The
O-P pool concentration ranged from 0.40-0.51 g kg-1 during this period with a net
accumulation of 24% (Figure 5A, B). While Ca-P and Ex-P concentrations remained
stable with little change with depletions of 8% and 22% respectively (Figure 5A, B). By
the end of the Post-Bloom and Fall Storm Period on 11/4/15 Ex-P, Ca-P, and Fe-P pools
concentration were similar to that during the Ice Cover Period on 1/15/15 (Figure 5A).
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The EH extraction data indicates that NE increased 1.01 g kg-1, similar to concentrations
seen in the winter and there was a net accumulation of 21% over this ‘season’ (Figures
5C, D). In addition, the GP pool decreased as the PP pool increased with GP depleting by
10% while PP accumulating by 17% at this time (Figures 5C, D). Fall was the only time
where the relative change in GP is higher than the PP fraction. The NMDS for fall
sediment indicates that P partitioning in fall sediment is most similar to that of winter and
quite distinct relative to summer and spring (Figure 6B).
2.4. Discussion:
2.4.1. Annual Overview:
In this study, our core objective was to examine the extent to which the
concentration and relative abundance of P pools in sediment varied over the course of
temperate climate seasons, and subsequently identify water column drivers (or suites of
drivers) that facilitate changes in P partitioning in the sediment over time. Results from
our time series demonstrated that the partitioning of P in the benthos is highly dynamic
across the seasonal timescales identified here. Throughout most of the year, the highest
concentration of sediment P consists of the ‘detrital’ pool. In the SEDEX extraction
scheme, De-P is the second to last P pool extracted that has been suggested to consist of
the remaining recalcitrant mineral sediment P that is primarily detrital apatite from
igneous or metamorphic origin (Ruttenberg, 1992), making it challenging to precisely
infer much about this pool’s composition (Ruttenberg et al., 2009). Furthermore, it is
often impossible to directly compare P pool concentration/ distributions in similar
sediment-water systems, because investigators differentially modify components of the
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SEDEX extraction scheme to best fit their research objectives (Ruttenberg et al., 2009).
However, the De-P fraction has been found to be the dominant pool of P in Lake
Illawarra, Australia and Dianchi Lake, China (Wang, 2014; Zhu et al., 2013), suggesting
that in mineral rich systems, this operationally-defined pool may constitute much of the
total P in sediments. Unfortunately, given the generality of this particular extraction step,
minimal further insight is gained from further interpreting this pool.
Perhaps the most significant insight gleaned from the total sediment P
concentration time series is that although there is significant annual fluctuation in TP
concentrations, the sediment essentially returns to the same TP concentration in
November (1.76 g kg-1) at the end of the time series as compared to where it began in
January (1.73 g kg-1) (Figure 5A). This illustrates that while P concentrations may be
quite dynamic in response to shifting seasonal internal and external lake dynamics across
the spring and summer months, the P concentration in sediment is essentially reset by late
fall to that of the previous early winter. This seasonal hysteretic behavior of P
concentrations in these sediments illustrates the challenges associated with improving
water quality in internal loading-driven systems where robust pools of legacy P exist, and
flushing mechanisms may be limited. This hysteresis behavior also suggests minimal P
would be flushed out of the system by the water and the mobility of P is tied tightly
between the sediment and biological activity.
However, through analysis of how relative P pools change over time,
particularly when concentrations were normalized to 1/15/15 (Figure 5B), it is evident
that different pools respond uniquely to internal and external seasonal forces operating on
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the watershed-lake system, likely manipulating both sediment P inputs and water
column/SWI geochemical conditions. Over the course of the seasons when we collected
sediment cores, the most dynamic pool in response to changes in water column dynamics
throughout an annual cycle was Fe-P with a range of 0.33 – 1.34 g kg-1 (Figure 5B), a
roughly 4-fold variability over the course of the time series. Previous work by
Søndergaard et al. (2003) has highlighted that Fe-P phase contributed most to the overall
TP release from the sediment into the water column, when Fe:P ratios are in the range of
those of Missisquoi Bay sediments (26.1-42.3) (Giles et al., 2016; Joung et al., 2017).
However, these more phase specific SEDEX time series demonstrate that other
operationally-defined pools are comparably dynamic and responsive, particularly Ca-P,
Ex-P, and De-P (Figures 5A, B). Comparing MB sediment P pool dynamics to Lake
Illawarra in Australia, Fe-P was found to be most dynamic; while the Ca-P in Dianchi
Lake, China was most dynamic (Wang, 2014; Zhu et al., 2013). By modifying the
SEDEX scheme, Parsons et al. (2017) found that humic-P was the most dynamic in
response to fluctuating redox conditions, followed by Fe-P. Normalized time series also
clearly demonstrate that Ca-P and Ex-P behave similarly to that of Fe-P, albeit changing
to a lesser relative extent, which is also confirmed by correlations (Table 1). This
indicates that rather than being governed exclusively by Fe-P redox driven cycling, in
these mineral rich sediments, a suite of P pools responds to different environmental
drivers over the course of the year and fluctuate in concentration and relative contribution
to the P pools over time. Furthermore, as observed in the total P concentration of the
sediment, it appears that the operationally-defined partitioning of P also essentially resets
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to the early winter distribution by late fall. Taken together, concentrations and relative
enrichment vs. depletion of different P pools across the seasons suggests that more
comprehensive analysis linking water column conditions and sediment P pools is
warranted to explore drivers of P release and sequestration and how this is related to P
pool partitioning.
The NMDS analysis of both the water and sediment pool composition and
structure reveals that there is pronounced systematic seasonal clustering of water column
and sediment biogeochemical data that are likely interrelated (Figure 6). In general,
periods of well-mixed water column vs. stratified water columns differ most in their
impact on sediment P partitioning. Phytoplankton activity imparts a unique signature on
both water column biogeochemistry and the composition of P in sediment (Figure 6). The
NMDS analyses indicate that the composition and concentrations of P in lake sediments
is a complex manifestation of lake physics, chemistry and ecology that is quite variable
over the course of a year. NMDS data also illustrates the annual hysteretic behavior of
sediment P chemical partitioning.
2.4.2. Ice Cover Period:
Analysis of the water column time series and NMDS (Figures 3A-E, 7A)
indicated that over the course the season, the SWI became increasingly anoxic/suboxic in
response to prolonged cold, which promoted limited mixing and pronounced thermal
stratification. This stable water column, coupled with ongoing benthic mineralization of
organic matter and associated heterotrophic respiration, facilitated increasingly DOdepleted bottom water, and reducing conditions at the SWI. These conditions promote
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reductive dissolution of redox sensitive metal precipitates such as Fe/Mn oxyhydroxides,
promoting a bottom water relatively enriched in dissolved Mn/Fe; this was verified by
NMDS as low bottom water DO and high bottom water dissolved Mn in the water
column were dominant characteristics during this season (Figure 4B,7A). The other
notable feature of this water column was most consistent and relatively low SWI pH,
presumably driven by limited water column mixing and ongoing benthic organic matter
mineralization. This stable water column with minimal biological or riverine inputs,
coupled with a persistent and increasingly relatively low DO and pH near the SWI, were
likely important drivers of near surface sediment P dynamics during the winter
monitoring period (Joung et al., 2017).
Under these prolonged reducing conditions, sedimentary NMDS (Figure 7B)
indicates that Fe-P and Ca-P concentrations were particularly high during winter relative
to the rest of the annual time series. However, concentration time series suggest that these
P phases were quite dynamic and followed the same temporal patterns of change over this
season with initial increase followed by significant decrease (Figure 5B). This would be
expected under a slow migration of the redox front across the SWI, which could initially
facilitate oxidative re-precipitation of phases that scavenge available P, followed by
dissolution of redox sensitive phases as the front moves well above the SWI (Joung et al.,
2017; Schroth et al., 2015). Similarly, Parsons et al. (2017) found that Fe-P was the only
pool that consistently decreased under reducing conditions and increased when the SWI
was oxidized under experimental redox front manipulation. The relatively stable Ex-P
during this season, suggests that bottom water pH is not promoting desorption of loosely
36

sorbed P in surface sediment. Parsons et al. (2017) found that the Ex-P slightly increased
when the SWI pH was between 7-7.5 under anoxic conditions, due to P surface
complexes fluctuating more when anoxic. The less dynamic, albeit gradual depletion of
O-P during this time period is consistent with gradual mineralization of organic matter
(and associated P species) with minimal additional input from a water column with
minimal phytoplankton, further confirmed by minimal change and relatively low and
static concentrations of enzyme labile PP and GP (Figures 5C, D). Taken together, these
water column and sediment data indicate that although from a hydrodynamic and water
column biological perspective, periods of consistent building ice cover are not
particularly dynamic relative to other seasons. These conditions however, impart unique
partitioning and promote change in the composition of P in the benthos by selectively
impacting particular pools of P, most notably De-P, Fe-P and Ca-P phases of this
particular extraction scheme.
2.4.3. Spring Runoff Period:
Analysis of water column data by NMDS indicates that the dominant
characteristics of the water column change dramatically with the hydro-meteorological
transition to a spring runoff regime in MB and its catchment. In stark contrast to the Ice
Cover Period, unique characteristics of this seasons water column are particularly high
surface SRP concentrations and well oxygenated bottom water (Fig. 7A). This is not
surprising considering that this is a period dominated by the spring runoff-related internal
and external drivers. Snowmelt and spring storm-derived river water input, coupled with
ice off facilitated mixing of the water column, allow for the SWI to return to sustained
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oxygenated conditions after a prolonged period of reducing conditions (Figures 3C, E).
Vast inputs of Green Mountain snowmelt also promoted a cool and compositionally
mixed water column (Figure 3E) (Giles et al., 2016; Joung et al., 2017; Schroth et al.,
2015). Snowmelt and runoff, particularly riverine inputs sourced in the highly
agriculturalized Champlain Valley, likely produced high SRP concentrations, and also
presumably provided input of watershed-derived particulate P to the MB benthos
(Rosenberg and Schroth, 2017). This transition marked an abrupt change in conditions at
the SWI that should have cascading impacts on the biogeochemical partitioning and
behavior of P in MB surface sediments.
Peak snowmelt (4/4/15) facilitated re-accumulation of P in the sediment, mostly
due to an increase in the De-P pool, which could be driven by both re-oxidation of solutes
in bottom water coupled with deposition of more detrital terrestrial sediment associated
with snowmelt-derived runoff. Furthermore, there is a 50 and 25-fold increases in the
concentration of GP and PP, respectively, over the course of this transition as the water
column mixed and then warmed. This was likely facilitated by associated increases in
microbial and perhaps diatom activity in the sediment and water column, respectively,
associated with more SRP readily available in the water column (Giles et al., 2015;
Parsons et al., 2017). Sediment P composition is particularly dynamic during late spring,
with large (e.g. >50%) changes in the concentration of Fe, Ca, and Ex-P pools over the
course of the next two spring sampling dates (Figure 5A). This is also evident by the
particularly large distribution of this seasons sediment data in the NMDS plot over the
course of the Spring Runoff period, seen in green (Figure 6B). This large distribution of
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the sediment suggests that the late spring/early summer is a time where sediment P is
particularly dynamic in response to rapidly changing conditions in the water column and
SWI associated with competing and dynamic internal and external forces. This is not
surprising given the fluctuations that are evident in water column pH, DO stratification,
water temperature, biological productivity, are coupled with frequent mixing/disturbance
events associated with storms and riverine input (Figure 3A-E), which is particularly
evident in the in-situ high-frequency profiling data (SI Figure 1). Interestingly, the Spring
Runoff Period marks an important transition for the behavior of the Ex-P pool where it
goes from an essentially stationary concentration and consistent fractional contribution of
sediment P inventories under ice coverage, to pronounced fluctuations with both large
scale depletion and accumulation in subsequent spring sampling periods. This dynamic
could be due to observed water column variability, particularly dynamic bottom water pH
that is fluctuating due to transient mixing and stratification (Figure 3 B). Such dynamics
are common at this site during ice free months (Isles et al., 2017). However, the Ex-P
pool is more likely impacted by in-situ redistribution dynamics between Ca-P, O-P and
Fe phases (Kraal et al., 2015b; Parsons et al., 2017). Furthermore, it should be noted that
his particular component of the extraction SEDEX scheme is also most prone to impact
from storage, as the Ex-P concentration in wet sediment has been found to rapidly
convert to Fe-P when left to oxidize, and it is also susceptible to contribution from an
array of variable constituents within the sediment matrix (e.g. Ca, Fe, and organic phases)
that could respond differently to variable SWI conditions (Kraal and Slomp, 2014). These
complications considered, the marked divergence in behavior of this particular pool (from
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stationary to highly dynamic) as the system transitions from ice cover to a spring runoff
dominated regime suggests that this pool likely has more of an impact on P cycling as the
water column becomes more physically, chemically and biologically dynamic during the
Spring Runoff Period.
2.4.4. Cyanobacteria Bloom Period:
As MB transitions into summer and the typical period dominated by
cyanobacteria bloom activity (Isles et al., 2017), the water column exhibits distinguishing
biological features characteristic of this season with particularly high surface water pH
(promoted by photosynthesis) and Chl-A (bloom proxy) being most characteristic of this
season based on NMDS (Figure 7A). Transient mixing and stratification, as evident in
large fluctuations in DO, pH and thermal stratification, are characteristic of MB during
this season. This stratification is driven by prolonged periods of calm, hot conditions that
promote thermal, temperature and pH stratification, this can be interrupted by intermittent
wind and/or precipitation events that mix the water column (Giles et al., 2016; Isles et al.,
2015; Isles et al., 2017). The temporal variability in the balance of stratification vs.
mixing has important ramifications for the geochemistry of the SWI, with stratification
periods promoting pH below 7, whereas mixing periods the SWI can see very high pH
values relative to the rest of the year approaching 9 as bloom activity promotes elevated
pH values. Dissolved oxygen exhibits similar temporal variability in response to transient
stratification with rapid (hours to days) onset of reducing SWI conditions when stratified
and essentially instantaneous oxidized conditions during a mixing event. These
intermittent periods of stratification and associated reducing SWI conditions clearly
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promote the release of P (and redox sensitive metals) from sediment pools, as is
demonstrated in the differences between the concentration of surface and bottom water
concentrations during those periods (Figures 4 A, B). Indeed, the interplay between
stratification and mixed water column conditions when water column surface water is
above 20 ºC has been implicated as the primary driver of internal loading and algal bloom
occurrence, severity, and duration in MB (Giles et al., 2016; Isles et al., 2017). Yet based
on variability in multiple drivers of P partitioning in the sediment over this time period
(e.g. redox conditions at SWI, organic matter input from blooms, intermittent storms,
over 2 unit fluctuations in pH), it is unclear how distinct P pools in the sediment will
respond to this active and warm water column profile.
The bloom onset was characterized by decreasing P concentrations in the
sediment, driven by the Fe, Ca and Ex, and De-P pools; release from these pools impacts
the propagation of the bloom. While the importance of the redox sensitive Fe-P pool has
been well established in the system, comparable behavior of the Ca, Ex and De-P pools
during the onset of the bloom suggests that other phases beyond secondary ferric
(oxy)hydroxides could be playing a comparable role in P release and bloom propagation.
Interestingly, Ca, Ex, and De-P pools subsequently increase as the bloom approaches
peak bloom conditions, albeit with a period of storm-driven SWI re-oxygenation in
between sampling dates (Figure 3C). This minor accumulation could be driven by both
the oxygenation event, coupled with inputs, and cycling of biological materials associated
with the increasing bloom activity overprinting reductive release from a recently reducing
SWI. Increases in O-P throughout this period suggests that the bloom provides consistent
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input of organic phase P, which is consistent with other studies (Giles et al., 2015; Zhu et
al., 2013). However, the relatively sharp decreases in PP and GP pools over the same
time period suggests that the organic enzyme labile P is being rapidly consumed. A
similar study by Giles et al. (2015) found that these enzyme labile pool concentrations
were significantly lower during bloom periods. In general, the behavior of P pools during
this time period illustrates potential powerful feedbacks between water column dynamics
and the sediment P pool inventories that sustain blooms. Transient mixing coupled with
biological cycling of P once the bloom is initiated appear to sustain and even accumulate
reactive P species in the sediment as long as a large cooling and/or hydrologic event does
not dramatically alter the balance of the system.
2.4.5. Post-Bloom and Fall Storm Period:
In early fall, a storm moved through the Missisquoi Basin that shut down the
bloom (Figure 3), which was followed by decreasing water column temperatures that are
less favorable for cyanobacteria dominance. Indeed, this is a typical ecological fall
succession that occurs in this system, (Isles et al., 2015; Isles et al., 2017), usually driven
by a similar event. The fall water column characteristics are again distinct from those of
other seasons in NMDS space (Figure 6A). Early in the fall, high Chl-A is the dominant
feature of the data, likely due to the fall diatom bloom (high Chl-A with low
phycocyanin) that often follows the fall cyanobacteria bloom die off in response to a
relatively large storm and subsequent falling water temperatures (Isles et al., 2015).
Relatively high (above 7) bottom water pH is also a dominant characteristic of the
season. Initially, water column SRP and Mn concentrations are at their lowest with
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minimal vertical stratification, indicative of minimal external or internal loading of either
and SRP likely being consumed by diatoms (Isles et al., 2015; Schroth et al., 2015).
Later, however, SRP concentrations rebound with a series of fall storms and riverine P
input (Rosenberg and Schroth, 2017). The SWI was generally oxic throughout this period
as the water column is well-mixed, and the pH begins above 7, but decreases over the
course of the season to one similar to that of river water and early winter points from the
beginning of the time series. When taken together, the initial bloom die-off and
associated inputs to the sediment from the bloom and then rivers, coupled with
subsequent cooling of the water by ~15 ºC and a sustained oxic SWI should impact the
behavior and partitioning of P in the sediment.
Sediment NMDS analysis suggests that the sediment has returned to an overall
composition most similar to the winter system, again illustrating the pronounced
hysteretic nature of seasonal P partitioning these sediments. However, NMDS and time
series plots also indicate that the composition of P changes dramatically over the
transition between bloom and post bloom conditions, presumably in response to changes
initiated by the cyanobacteria bloom die off. Sediments following the die off are the most
enriched in Fe and Ex-P relative to the entire time series, suggesting that the bloom die
off promotes the enrichment of these particularly reactive pools in the benthos. It has
been observed that bloom die off triggers the water column to become its most enriched
in ‘truly dissolved’ Fe every year (Schroth unpublished data), suggesting that reoxidation of this Fe could enrich the system in secondary Fe and Ex phases that scavenge
available P associated with cell mineralization, as observed here. It is clear that this
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period of rapid ecosystem change impacts Fe cycling in MB substantially. Fall also
serves as a season that triggers P accumulation in the sediment, returning to
concentrations that are essentially identical to those of early winter. While this may
initially be driven by bloom die off, the repartitioning of phosphorus in the sediment back
to similar pool distributions of early winter appears to be driven by the sustained cold,
well-mixed waters of late fall with minimal phytoplankton productivity and some riverine
input of sediment. It is important to note that all concentrations return to within 15% of
their ‘starting concentration’, typically within the standard error range of many of those
measurements. Furthermore, a similar hysteretic phenomenon was observed in a
comparable 2013 time series, which is particularly remarkable considering that study
used a completely different ascorbate-aqua regia based extraction/digestion scheme
(Giles et al., 2016).
2.4.6. Conceptual Model and Implications:
Synthesis of these data reveal a complex conceptual model of feedbacks
between the hydrodynamic, biological and chemical conditions in the water column and
the composition and concentration of P in the sediment that could be broadly applicable.
Under ice, the dominant driver of sediment P partitioning and flux is the upward
progression of the redox front under relatively stable and stratified conditions. Release
and/or redistribution of P under these conditions is related to the position of the front, and
this impacts the concentration of Ca, Fe and De-P most. Conversely, organic pools are
impacted minimally by such conditions given lack of input and low temperatures, and the
exchangeable pool is also near constant due to consistently low pH (relative to
44

Fe(oxy)hydroxide ZPC). Transition to spring with the onset of snowmelt triggers
increased dynamism in sediment P composition in response to intermittent mixing of the
water column, oxidation of the sediment water column interface, and more variable SWI
pH. There are also inputs to the sediment from water column biota and riverine sediment
pulses due to spring runoff and snowmelt. This transition produces pronounced changes
in the behavior of the enzyme labile and exchangeable pools of P, marking a period of
rapid accumulation of reactive enzyme labile pools and increased dynamics of the Ex-P
pool, presumably governed by increasing variability in SWI pH and temperature
impacting the surface chemistry of available sorbents. Both Ca-P and Fe-P phases
continue to follow one another, in response to fluctuations in redox front position driven
by periods of mixed vs. stratified water column hydrodynamics. The summer
cyanobacteria bloom was eventually triggered by a period of prolonged stratification with
limited discharge and associated release of Ca, Fe and Ex-P pools, where the sediment
reaches its lowest TP concentration of the time series (Figure 3E, 5A). During the
summer, dynamics appear to be impacted by bloom inputs and transient stratification vs.
mixing promoting accumulation or depletion of phases by modulating SWI pH and redox
front position. The bloom die-off imparts a unique signature on the composition of
sediment with the highest Fe-bound P fraction of the entire time series, presumably due
to the large input of cellular materials and their concurrent mineralization. By late fall,
due to consistent mixing and oxidation of the SWI, coupled with low water column
biological activity, the sediment composition and concentration has been essentially reset
to the conditions observed at the beginning of the previous winter, completing a seasonal
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hysteresis loop in both the concentration and chemical partitioning of phosphorus pools
in the sediment. This consistency is particularly remarkable given the dynamic behavior
of sediment P concentrations and chemical partitioning that was observed between those
two time points.
While this seasonal conceptual model of the drivers of P pool fluctuations may
be to some extent site specific it can be applied to systems with similar conditions, the
data presented here indicate that pools fluctuate in response to a diverse array of
conditions in the water column, and that such linkages should be broadly applicable. Our
findings suggest that the particular manifestation of P pool dynamics in the benthos of
shallow eutrophic systems should be driven by an array of internal and external forcings
on SWI geochemistry that all interact with one another. Critical drivers include lake
system physical configuration (e.g. bathymetry, watershed/lake area ratio, residence time)
and geochemical drivers (redox conditions, pH fluctuations and buffering) that control
hydrodynamics, sediment provenance and composition, watershed inputs and
management decisions, and climate. Furthermore, the previously discussed seasonal
hysteresis of P concentrations and pools illustrates the challenges that the management
community faces in trying to improve water quality in systems where blooms are
promoted by internal P loading of robust legacy P pools. Indeed, given the fact that we
observed this hysteretic phenomena in two different years (with very different weather,
bloom dynamics, etc) with two different extraction protocols (Giles et al., 2016), it is
unlikely that this is purely a result of continued episodic and variable riverine loading of
P. We propose that this consistency of late fall resetting of P concentrations and pool
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distributions must be at least partially attributed to tight internal cycling of P within the
system driven by systematic and inter-annually consistent interactions between the water
column and sediment around the SWI. Efforts to mitigate blooms in these kind of
systems must therefore consider not only suppressing watershed inputs of potentially
labile P but intervening in the internal cycling of legacy P in a highly dynamic sedimentwater system at an optimal stage of this annual hysteretic cycle. Process-based
quantitative models that leverage robust sediment and water column time series
comparable to those presented here would be critical tools for management communities
tasked with improving water quality in Missisquoi Bay and other systems like it (Zia et
al., 2016).
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2.6. Figures:

Figure 1: (A) The Lake Champlain Basin with a more detailed insert, (B) of Missisquoi Bay
illustrating the location of the water column and sediment monitoring (blue star) and bathymetry
(meters).
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Figure 2: Flow chart and description of the SEDEX Extraction scheme as developed by Ruttenberg
et al. 2009.
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Figure 3: Missisquoi Bay 2015 water column monitoring data consisting of: A) biological activity
(BGA and Chl-A), B) surface and bottom temperature, C) surface and bottom dissolved oxygen
(DO), D) surface and bottom pH and E) Missisquoi River discharge. Seasonal periods as described in
the text are delineated by black dashed vertical lines. Black triangles represent dates that sediment
cores were taken.
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Figure 4: Missisquoi Bay water column geochemical time series of: A) bottom water and surface
soluble reactive phosphorus and B) bottom water total dissolved Mn/Fe with dash lines denoting each
period.
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Figure 5: Missisquoi Bay 2015 sediment extraction time series including: A) SEDEX P
concentrations, B) P concentrations normalized to the concentrations of the first sampling date
(1/15/15) used to examine relative change. C) Enzyme hydrolysis extraction concentrations where
that includes background orthophosphate (NE) and monoester phosphates (PP and GP), and D) EH
concentrations normalized to the first sampling point of the time series used to quantify relative
change over time. The TP is represented with black, Ex-P SEDEX pool is represented with purple,
Fe-P with red, Ca-P with blue, De-P with orange and O-P as green. For the EH data, NE is
represented with black, PP with blue and GP with green. The horizontal dashed line in plot B and D
represents the initial concentration of each species in plots B and C, and vertical lines are indicative
of transitions between regimes as partitioned based on water column monitoring data.
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Figure 6: NMDS analysis of Missisquoi Bay monitoring data including: A) water column monitoring
data, B) SEDEX and EH sediment time series data. Plots isolate previously discussed seasonal
periods using colored polygons around a cluster of data points. The thick color ramp throughout
each map displays the movement of the system over time, and the color ramp shown captures water
column bloom dynamics in both plot using the BGA (rfu) variable. To produce quality, low stress
maps, the water column dataset was separated from the sediment dataset.

Figure 7: Conceptual Model -These models summarize water column drivers and their influences on
sedimentary P partitioning in A) Ice Cover Period, B) Spring Runoff Period, C) Cyanobacteria
Bloom Period and D) Post-Bloom/ Fall Storm Period. The arrows in each diagram indicates either
release (pointing from sediment to the water column) or deposition (pointing to the sediment from
the water column) and a double-sided arrow represents an oscillation between release and
deposition. The black arrow represents wind mixing in the water column.

56

2.7. Tables:

Physical Properties
Water Body

Missisquoi Bay

Surface area (km2)
Mean Depth (m)
Max Depth (m)

77.5
2.8
4

Volume (km3)
Watershed

0.22

Total Area (km2)
Forest (%)
Agricultural (%)
Urban (%)
Watershed:Lake Area

3105
62
25
5
40

Table 1: Key physical characteristics of Missisquoi Bay and it’s watershed.

Ex-P
Fe-P
Ca-P
De-P
O-P

Ex-P

Fe-P

Ca-P

De-P

1
0.862192
0.840717
-0.3925
-0.54794

1
0.851792
-0.61017
-0.65347

1
-0.27886
-0.5027

1
0.444226

O-P

1

Table 2: SEDEX correlation coefficients for each pool over the entire sediment time series. For the
full study period: (p < .02).
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